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Available online 3 March 2008AbstractSpectroscopic observations of OH airglow undertaken on May 2, 2006 at Uji, Japan reveal variations in intensity and rotational
temperature related to the passage of an atmospheric gravity wave. The variations exhibit a period of approximately 1 h and
magnitudes of 2e6% in intensity and 0.5e2% in rotational temperature. The vertical wavelength and intrinsic frequency of the
atmospheric gravity wave were determined from the horizontal wavelength derived by an OH airglow imager, the background
horizontal wind velocity obtained by the middle and upper atmosphere (MU) radar, and the dispersion relationship. The observed
variations are consistent with the values calculated using the model of Liu, A.Z., Swenson, G.R. [2003. A modeling study of O2 and
OH airglow perturbations induced by atmospheric gravity waves. J. Geophys. Res. 108 (No. D4), 4151. doi:10.1029/
2002JD002474].
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OH airglow is known to be centered at an altitude of
approximately 87 km, as determined from Upper
Atmosphere Research Satellite (UARS) measurements
(Zhang and Shepherd, 1999), observations by rocket-
borne instruments (e.g., Baker and Stair, 1988), and
observational data from other ground-based instru-
ments such as a lidar (Brinksma et al., 1998).* Corresponding author.
E-mail address: hsuzuki@nipr.ac.jp (H. Suzuki).
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doi:10.1016/j.polar.2007.12.002Remote sensing of the upper atmospheric OH
airglow is a reliable method for obtaining information
on the temperature and wave characteristics in the
mesopause region. Numerous spectrometer and pho-
tometer experiments have been conducted, particularly
in the low- and mid-latitude regions. For example,
Sivjee et al. (1971) described temporal variations in
nighttime OH rotational temperature measured using
a scanning Ebert spectrometer, and Lowe and Turnbull
(1995) reported temperature variations in the meso-
pause region revealed by campaign observations of
OH airglow. Takahashi et al. (1984) documented
long-term variations in airglow intensities (OH, Na,reserved.
Table 1
Specifications of the spectrometer employed in the present study
Collecting mirror
Type Off-axis parabolic mirror
f 151.2 mm
D 50.2 mm
F# 3.0
Zenith angle coverage 90 to þ90
Spectrometer
Model iHR320
Manufacturer Horiba Jobin Yvon Co.
Type CzernyeTurner
f 320 mm
F# 4.1
Entrance slit width 0e2 mm
Gratings
No. of gratings 3
Blaze wavelength #1: 500 nm
#2: 900 nm
#3: 850 nm
Effective wavelength range 400e1100 nm
Groove frequency 1200 gr/mm
CCD array
Illumination Back-illuminated
Cooling Thermoelectric cooler
Resolution 512 512 pixels
Manufacturer Hamamatsu Photonics Co.
2 H. Suzuki et al. / Polar Science 2 (2008) 1e8and OI) measured using tilting-filter photometers. Espy
et al. (1995) used a Michelson interferometer loaded
on board an aircraft to study the relationship between
noctilucent clouds and mesospheric temperature. Imag-
ing observations are an effective method for visualiz-
ing the gravity wave patterns on a screen of the
airglow layer (Taylor et al., 1987).
Gravity waves are excited in the troposphere by
meteorological activity or perturbations due to the
Earth’s surface (mountain waves), and propagate
upwards, affecting the dynamics in the mesosphere
(Fritts and Alexander, 2003). Detection of the effects
of such waves on the mesopause region is an interesting
topic of upper atmosphere research. With the aim of
studying the characteristics of atmospheric gravity
waves, an observation campaign was conducted from
April 26 to May 4, 2006 at Uji and Shigaraki, Japan, in-
volving simultaneous observations by the middle and
upper atmosphere (MU) radar, a sodium lidar, an all-
sky imager, and a medium-resolution near-infrared
spectrometer. In the present study, data relating to the in-
tensity and rotational temperature of OH airglow for
a particular day in the observational period (May 2)
are used to determine the three-dimensional structure
and temporal evolution of atmospheric gravity waves.
2. Instrumentation
The MU radar, operated by Kyoto University, Japan
(Nakamura et al., 1991) was used to acquire an altitude
profile of horizontal wind speed and the vertical phase
propagation of gravity waves. An all-sky imager oper-
ated by Nagoya University, Japan (Shiokawa et al.,
1999) was used to detect the horizontal wavelength,
phase direction, and intensity distribution of airglow
emission in the OH near-infrared band. An optical
band-pass filter was used to target the observation
wavelength. A sodium lidar operated by Shinshu
University, Japan (Kitahara et al., 2002) was employed
to record height profiles of sodium density and neutral
atmospheric temperature.
A spectrometer operated by the National Institute of
Polar Research (NIPR), Japan and prepared specifi-
cally for spectroscopic observations of aurora and
airglow in the polar regions was used to determine
rotational temperatures from the intensity ratio of
rotational lines in the OH vibrationerotation band.
The spectrometer is a CzernyeTurner-type, consisting
of a collecting mirror, three gratings on a turret, and
corresponding image sensors. This type of spectrome-
ter, in which two collimating mirrors are separated by
a grating, has been widely used in atmosphericspectroscopy (e.g., Sigernes and Shumilov, 2003).
The collecting mirror is an off-axis parabolic mirror
with a focal length of 151 mm, mounted on a rotation
stage such that the zenith angle of the field-of-view can
be changed to any direction along the meridian. The
three gratings and two image sensors allow a wide
wavelength region to be detected. The field-of-view
of the spectrometer (2.5 (horizontal) 0.004 (verti-
cal)) is determined by the detector size and slit width.
Each grating has a different blaze wavelength and
groove frequency, as listed in Table 1. A CCD image
sensor takes images in the wavelength range of 350e
950 nm, and an InGaAs array detector captures images
in the near-infrared region of 800e1700 nm. A flip
mirror is mounted in front of the exit slit to allow for
detector selection.
The spectrometer was installed at the Research
Institute for Sustainable Humanosphere of Kyoto
University (Uji, Kyoto, Japan; 34.90N, 135.80E).
The room in which the spectrometer is installed has
a skylight that can be opened during observations.
The exposure time was set to 10 min and the slit width
was set to 0.1 mm. Using a fixed wavelength mode, the
center wavelength was set at 890 nm in order to obtain
the spectrum of the OH7-3 band. Details of the exper-
imental conditions are listed in Table 2.
Table 2
Experimental conditions for spectrometer observations
Exposure time 10 min (continuous)
Mirror direction Zenith
Grating #2
Slit width 0.1 mm
Target wavelength 875e900 nm
Target band OH(7e3)
Target rotational line 2P2: 886.9 nm
2P1: 888.6 nm
3P2: 890.4 nm
3P1: 892.0 nm
4P2: 894.4 nm
4P1: 895.8 nm
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trometer were measured as a function of slit width prior
to sky observations in order to determine the absolute
intensity of emissions from the observed spectral data.
The integrating sphere in the optical calibration facility
of NIPR was used for the calibration procedure. Fig. 1
shows the spectral sensitivity in the 700e950 nm range
using grating #2 with a slit width of 0.1 mm. The
sensitivity decreases with increasing wavelength. This
spectral response is mainly due to the spectral
dependence of the quantum efficiency of the CCD.
The spectral resolution of the spectrometer was
evaluated by measuring a single spectral line of
a neon lamp. An isolated spectral line was selected
to determine the instrumental parameters at various
slit widths. As shown in Fig. 2, the spectral resolution
of the spectrometer varies inversely with the slit width.
With the slit width set to its minimum value
(0.01 mm), the spectral resolution is maximized, reach-
ing a full-width at half-maximum (FWHM) of approx-
imately 0.20 nm. With the slit width at 0.10 mm, the
spectral resolution is 0.48 nm (FWHM). This resolu-
tion is considered to be sufficient to distinguish adja-
cent rotational lines in the OH airglow spectrum.Fig. 1. Spectrometer sensitivity (grating #23. Results and analysis
A typical spectrum of the OH7-3 band is shown in
Fig. 3. To obtain intensity and temperature from the
observed rotational line spectra, the spectra were
analyzed as follows. A Gaussian function G(x) was
fitted to each rotational line to estimate the line’s
background level:
GðxÞ ¼ A0exp

 z
2
2

þ A3 ð1Þ
where
z¼ xA1
A2
ð2Þ
Here, A0 is the measured intensity of the rotational
line and A1 and A2 are the fitting parameters correspond-
ing to the line center position and width, respectively.
The parameter A3 is the sky background intensity
(a measure of theweather conditions), and x is the wave-
length or the position on the image detector. An increase
in background indicates cloud cover in the field-of-view
of the spectrometer due to the reflection of urban light.
The night of May 2, 2006 was clear, and the background
was stable throughout the observations. The measured
intensity was then converted into absolute intensity
using the sensitivity calibration data. The intensity of
the rotational line accompanying the vibrational state
transition n0/ n00 (In0n00) can be represented (assuming
the MaxwelleBoltzmann distribution) as:
In0n00 ðJ0; i0Þ ¼ Nn0AðJ0; i0; n0/J00; i00; n00Þ
 2ðJ
0 þ 1Þ
Qn0 ðTÞ exp

hcFðJ0Þ
kT
 ð3Þ
where J0 indicates the total angular momentum on the
upper state, i indicates the state of electron spin, Q is). The slit width was set to 0.1 mm.
Fig. 2. Spectral resolution of the spectrometer with respect to the slit width.
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speed of light, k is the Boltzmann constant, T is the
rotational temperature, F is a rotational energy term
(cm1), and A is the Einstein transition probability.
Taking the natural logarithm of each side of Eq. (3)
yields a relationship between F(K0) and log I. The rota-
tional temperature was then derived from the fitted
slope of the observed log I vs. F(K0) for each rotational
line. In this case, the rotational lines of 2P1, 3P1, 4P1,
2P2, 3P2, and 4P2 and the Einstein coefficients
presented by Turnbull and Lowe (1989) are used to
derive the rotational temperature for each 10-min aver-
aged spectrum of the OH7-3 band. Fig. 4 shows the
observed intensity and rotational temperature of the
OH7-3 band on the night of May 2, 2006.Fig. 3. A typical observed specThe intensity of the rotational line gradually de-
creased during the night, although small fluctuations
were detected with a period of 1 h. Based on a simula-
tion using synthetic spectra with random noise giving
a signal-to-noise ratio equivalent to that of the ob-
served spectra, the measurement error for the rotational
line intensity is <1%, and the error for the rotational
temperature is <0.4%. Fig. 5 shows the deviations in
intensity and rotational temperature from a 60-min
running average. The fluctuations with a period of
approximately 1 h can be seen more clearly in this
plot. The amplitudes of the fluctuations are 5% for
intensity and 1% for rotational temperature, and the
variations in intensity and rotational temperature
appear to be in phase.trum of the OH7-3 band.
Fig. 4. Variations in rotational line intensity and rotational temperature observed on May 2, 2006. The intensity is the mean value of rotational
lines 2P1, 3P1, and 4P1. The fitting errors shown by the upper and lower traces are less than 1% and 0.4% for intensity and rotational temperature,
respectively.
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The 1-h fluctuations resolved in Fig. 5 are inter-
preted to represent the passage of a gravity wave
through the OH layer. A gravity wave was detected
on this night by an all-sky imager at Shigaraki, Japan
(34.9N, 136.1E) as part of the Optical Mesosphere
Thermosphere Imagers (OMTI) system (Shiokawa
et al., 1999) operated by the Solar-Terrestrial Environ-
ment Laboratory of Nagoya University. This all-sky
camera consists of a fisheye lens, a band-pass filter
for the OH6-2 band, and a cooled CCD camera.
Although Shigaraki is 28.5 km from the site of the
spectrometer observations (Uji), the field-of-view of
the all-sky camera covers a circle area of 250 km
radius at the height of the mesopause (86 km).
Fig. 6 shows a keogram of intensity deviations from
the 60-min running average. The noisy variations seen
in the period from 00:00 to 01:30 LT are attributed to
cloud cover at the Shigaraki site. However, a distinct
wave structure with an amplitude of roughly 5% is
evident over the period from 02:00 to 03:00 LT. This
structure is considered to have been generated by
a northeasterly atmospheric gravity wave.
Because the phase and amplitude of the fluctuations
observed by the all-sky camera of the OMTI systemare consistent with the present observations, we attri-
bute the fluctuations shown in Fig. 5 to the passage
of a gravity wave. Assuming that the periodic varia-
tions seen in the keogram are due to the passage of
a monochromatic plane wave, the horizontal wave-
length of this gravity wave, propagating from west to
east, is estimated to be approximately 400 km, while
the south-to-north wavelength is calculated to be
303 km. The average background wind velocity re-
corded by the MU radar for the period from 01:30 to
02:00 LT was 4.80 m/s eastward and 3.64 m/s
northward at an altitude of 86 km. The MU radar
was operated in the meteor wind observation mode.
Accordingly, the horizontal velocities are derived
using radio echoes reflected by the plasma tails of
meteors in a 150 150 km region above Shigaraki.
The intrinsic frequency of the gravity wave determined
from these horizontal wavelengths and background
velocities is calculated to be 1.74 103 rad/s; and
the vertical wavelength is calculated to be 28.8 km.
Elements of the wavelength calculation include
the dispersion relationship of the linear theory of
atmospheric gravity waves (Fritts and Alexander,
2003), the typical scale height for May at an altitude
of 86 km from CIRA86; Cospar International Refer-
ence Atmosphere (Rees, 1988), and the derived
Fig. 5. Deviations in the rotational line intensity and rotational temperature from the 60-min running average.
6 H. Suzuki et al. / Polar Science 2 (2008) 1e8horizontal wavelength. According to Swenson and Liu
(1998), the relationship between the fluctuation in
atmospheric temperature at a given altitude (T0/Tave)
and an integrated volume emission rate (I0/Iave) is
modeled by:Fig. 6. Keogram of airglow intensity obtained by the OMTI system. Depa
intervals. The noisy fluctuations during the period from 00:00 to 01:30 we
I0
Iave
¼ CF

T0
Tave

ð4Þ
where CF is a cancellation factor. In general, there are
differences between T and the rotational temperature,rtures in intensity from the 1-h running average are plotted in 5-min
re caused by cloudy conditions in Shigaraki.
7H. Suzuki et al. / Polar Science 2 (2008) 1e8Trot, derived from observed spectra of OH airglow; how-
ever, in the present case the assumption Tz Trot is
roughly valid because the vertical wavelength
(lz¼ 28.8 km) is much larger than the thickness of
the OH airglow layer (w11 km).
The phase difference between (I0/Iave) and (T0/Tave)
is smaller than 10 min (Fig. 5), indicating that the
damping factor, b, which represents the vertical damp-
ing rate of the wave amplitude, is larger than 1 (Swen-
son and Liu, 1998); however, CF is somewhat
insensitive to the damping factor when the vertical
wavelength isw30 km or less. For example, CF ranges
from 3.3 to 4.0 as b varies from 1 to 3 when the vertical
wavelength is w30 km (Vargas et al., 2007).
The CF for the case on May 2 (lz¼ 28.8 km) is thus
about 3e5 according to model calculations of pertur-
bations caused by upward-propagating waves (down-
ward phase propagation) (Swenson and Liu, 1998;
Vargas et al., 2007). This prediction is consistent
with the observed fluctuations of OH airglow intensity
(2e6%) and rotational temperature (0.5e2%).
5. Summary
We measured OH airglow from April 29 to May 4,
2006 using a combination of instruments including
a CzernyeTurner spectrometer installed at the Uji
campus of Kyoto University, Japan. Fluctuations in
the rotational line intensity and the rotational tempera-
ture with a period of approximately 1 h were identified
on the night of May 2, and are attributable to the
passage of an atmospheric gravity wave. The intrinsic
frequency (1.74 103 rad/s) and vertical wavelength
(28.8 m) of the gravity wave were determined using
the linear theory of atmospheric gravity waves, theTable 3
Summary of the properties of the observed wave
Property Value
Intrinsic frequency 1.74 103 rad/s (period¼ 1 h)
Background wind
East to north direction:
Eastward direction: 4.80 m/s
Northward direction: 3.64 m/s
Horizontal wavelength 242 km
West to east¼ 400 km
South-to-north¼ 303 km
Vertical wavelength 28.8 km
Cancellation factor
(Liu and Swenson, 2003)
w5
Observed fluctuation
in OH intensity
2e6%
Observed fluctuation
in rotational temperature
0.5e2%background horizontal wind speed observed by the
MU radar, and the horizontal wavelength observed
by the all-sky camera of the OMTI system. The prop-
erties of the observed wave are summarized in Table 3.
This result is consistent with the Swenson and Liu
(1998) model with a cancellation factor of 3e5.Acknowledgments
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